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Edited by Felix WielandAbstract Vacuolar ATPases (V1V0-ATPases) function in pro-
ton translocation across lipid membranes of subcellular compart-
ments. We have used antibody labeling and electron microscopy
to deﬁne the position of subunit C in the vacuolar ATPase from
yeast. The data show that subunit C is binding at the interface of
the ATPase and proton channel, opposite from another stalk
density previously identiﬁed as subunit H [Wilkens S., Inoue
T., and Forgac M. (2004) Three-dimensional structure of the
vacuolar ATPase – Localization of subunit H by diﬀerence
imaging and chemical cross-linking. J. Biol. Chem. 279,
41942–41949]. A picture of the vacuolar ATPase stalk domain
is emerging in which subunits C and H are positioned to play a
role in reversible enzyme dissociation and activity silencing.
 2006 Federation of European Biochemical Societies. Published
by Elsevier B.V. All rights reserved.
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Membrane transport1. Introduction
Vacuolar ATPases (V-ATPases; V1V0-ATPases) are large,
multi subunit protein complexes found in the endomembrane
system of eukaryotic organisms where they function to acidify
the interior of subcellular compartments [1–3]. In polarized
cells of higher eukaryotes, the vacuolar ATPase can also func-
tion in the plasma membrane in order to pump protons to the
outside of the cell. The vacuolar ATPase can be divided into
two functional domains, a cytoplasmic V1 responsible for
ATP hydrolysis and a membrane embedded V0 that contains
the proton channel. The V-ATPase is composed of at least
14 diﬀerent subunits with molecular weights between 10 and
100 kDa. The subunit composition of the enzyme from yeastAbbreviations: V1V0, proton pumping vacuolar ATPase; V1, water
soluble domain of the vacuolar proton pumping ATPase; V0,
membrane bound domain of the proton pumping vacuolar ATPase;
EM, electron microscopy; MSA, multivariate statistical analysis; 2-D,
two dimensional; 3-D, three dimensional; HA, inﬂuenza A virus
haemagglutinin; mAb, monoclonal antibody
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The vacuolar ATPase is evolutionarily related to the F1F0-
ATP synthase found in the plasma membrane of bacteria,
the inner mitochondrial membrane and the thylakoid mem-
brane of chloroplasts [4]. The V- and F-ATPases share the
two-partite architecture of ATPase and proton channel and
they both function by a similar mechanism. There is now con-
vincing evidence that the vacuolar ATPase, much like the F-
ATPase, functions as a rotary molecular motor. ATP binding
and hydrolysis on the catalytic A subunits of the V1 is coupled
to proton translocation via a rotating central stalk composed
of the D, F and d subunits as well as the proteolipid ring
[5,6]. One or more peripheral stalks composed of the E and
G subunits act as stator(s), holding the catalytic V1 and the
proton channel containing V0 in the correct spatial arrange-
ment during rotational catalysis [7]. The vacuolar ATPase is
more complex compared to the F-ATPase in that the V-ATP-
ase’s activity is regulated by a nutrient dependent reversible
dissociation into ATPase domain and proton channel [8,9].
In yeast, V-ATPase dissociation can be induced by glucose
withdrawal. The resulting V1 complex is unable to hydrolyze
MgATP and the V0 left behind in the vacuolar membrane be-
comes impermeable to protons. This activity silencing thus
preserves ATP levels and any existing proton gradient across
the vacuolar membrane.
Aside from the V-ATPase’s proton pumping action, the
complex appears to be involved in the regulation of a variety
of other cellular processes as evident from the enzyme’s ability
to form speciﬁc interactions with cellular proteins such as ecto
apyrase [10], AP-2 [11] and the RAVE complex [12]. By com-
paring the subunit composition of the V-ATPase with that of
the bacterial F-ATPase, the simplest of the rotary molecular
motors, it is seen that the V-ATPase subunits C, H and d
and the cytoplasmic domain of subunit a have no counterpart
in the F-ATPase. While subunit d appears to play a structural
role in that it forms a spacer between the V1 and V0 rotor do-
mains [13], subunit H has been shown to act as a regulator of
ATPase activity in both the intact enzyme [14] and in the iso-
lated V1 [15]. The cytoplasmic domain of the V0a subunit is
where the subunit E and G containing peripheral stalk(s) are
anchored to the membrane. Based on photo cross-linking data
and electron microscopy (EM), we have recently found that
subunit H binds in the interface of the V1 and V0, near the
cytoplasmic domain of subunit a [16]. The function of subunit
C is least well understood. The subunit is required for activity
and proper assembly of the yeast vacuolar ATPase [17] butblished by Elsevier B.V. All rights reserved.
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is not bound to either V1 or V0 [8] and it has been speculated
that Vma5p plays a crucial role in the mechanism of reversible
enzyme dissociation [18]. The crystal structure of isolated yeast
subunit C has been determined by X-ray crystallography [19]
but the binding position of subunit C in the intact V-ATPase
complex is not known.
We have previously presented a structural model of the vac-
uolar ATPase which was based on the available genetic, bio-
chemical and biophysical data, including our and others’
electron microscopic structural studies [20]. Here we have used
immuno EM in order to determine the binding site of subunit
C in the vacuolar ATPase from yeast. The data show that sub-
unit C is positioned in the stalk region between the V1 and V0
domains, on the opposite side of subunit H. A structural pic-
ture of the stalk domain is emerging in which subunits H
and C are positioned to function in the regulation of reversible
enzyme dissociation and activity silencing.2. Materials and methods
2.1. Materials
Anti inﬂuenza A virus haemagglutinin (HA) monoclonal antibody
(mAb) was from SIGMA and alkaline phosphatase linked goat anti
mouse antibody was from Biorad. All other chemicals were of analyt-
ical grade.
2.2. Puriﬁcation of V-ATPase and antibody labeling
Yeast V-ATPase with a single HA tag (YPYDVPDYA) fused to the
N-terminus of Vma5p was puriﬁed as described [21]. V-ATPase con-
taining fractions from the second glycerol gradient were concentrated
with an Amicon Ultra ﬁltration device (100000 MW cut-oﬀ) to
approximately 200 ll. The concentrated V-ATPase was mixed with a
6-fold molar excess of anti HA mAb and the mixture was applied to
a 15–50% glycerol gradient to separate antibody labeled V-ATPase
from unbound antibody. For comparison, a portion of the concen-
trated V-ATPase preparation was subjected to density gradient centri-
fugation in absence of anti HA mAb. V-ATPase containing fractions
were concentrated and analyzed by SDS–PAGE and negative stain
EM. To conﬁrm presence of the antibody in the V-ATPase peak frac-
tions, protein bands were transferred to PVDF and probed with anti
HA – as primary and alkaline phosphatase labeled goat anti mouse
as secondary antibody.
2.3. Electron microscopy and image analysis
V-ATPase with or without antibody was applied to glow discharge
treated carbon coated copper grids at a concentration of approxi-
mately 20–50 lg/ml in glycerol density gradient buﬀer. The protein
on the grid was washed once with water and subsequently with 1% ura-
nyl acetate and air-dried. Grids were examined in a Tecnai 12 transmis-
sion electron microscope (FEI Company) operating at 100 kV.
Electron micrographs were recorded at an electron optical magniﬁca-
tion of 30000 and an under focus of approximately 0.6 lm on a
2048 · 2048 pixel charged coupled device (CCD) camera (Gatan Ultra-
scan). Each ﬁnal micrograph consisted of four CCD frames, which
were stitched together by the Gatan Digital Micrograph software via
cross-correlation of a 15% overlap between the individual frames.
The pixel size at this magniﬁcation was 3.2 A˚ on the specimen level
(based on a calibration with two dimensional (2-D) crystals of bacte-
riorhodopsin). CCD frames were displayed on a SGI Octane worksta-
tion in BOXER [22] and single molecules were selected automatically
with the ‘autobox’ option. Automatically selected particles were in-
spected visually and bad images (images too close to the edge, aggre-
gated particles and images of dissociated molecules) were removed
manually. All subsequent image analysis was performed with the Ima-
gic 5 software package [23] essentially as described [24]. Images
were band pass ﬁltered to remove low (<0.01 A˚1) and high
(>0.1 A˚1) spatial frequencies and a circular mask was applied. Theparticles were centered by alignment to a self-centered total average
and initial references were obtained by the alignment by classiﬁcation
procedure. The best average from the reference free alignment was
used to align all the particles and the aligned data set was sorted by
multivariate statistical analysis (MSA) and hierarchical ascendant clas-
siﬁcation. The best averages were then used in a multi reference align-
ment step followed by classiﬁcation and the procedure was iterated
until stable averages were obtained for both unlabeled and antibody
labeled V-ATPase.3. Results and discussion
Subunit C (Vma5p) has been proposed to function in the
proper assembly of V-ATPase [17] but upon in vivo dissocia-
tion of the complex into V1 and V0, Vma5p is found in the
cytoplasm while little or no Vma5p is bound to V1 ATPase
puriﬁed by conventional [15] or aﬃnity methods [24]. We
therefore used puriﬁed intact V-ATPase to map the location
of subunit C. Yeast V-ATPase containing a HA tag fused to
the N-terminus of Vma5p (subunit C) was puriﬁed and charac-
terized as described [21]. Puriﬁed V-ATPase was concentrated
by ultra ﬁltration and mixed with anti HA mAb and excess
antibody was removed by glycerol gradient centrifugation.
Fig. 1, left gel, shows SDS–PAGE of V-ATPase after the ﬁnal
density gradient. The right gel shows V-ATPase which was
mixed with anti HA antibody before centrifugation. As can
be seen, a high molecular weight band is present in the anti
HA antibody labeled V-ATPase above the subunit a (Vph1p)
band. This band is not present in SDS–PAGE of the same en-
zyme preparation subjected to density gradient centrifugation
in absence of anti HA IgG (see Fig. 1A, left gel). Presence of
the antibody in the V-ATPase containing fraction was con-
ﬁrmed by Western analysis (Fig. 1B, lane 1).
Both labeled and unlabeled V-ATPase was used to prepare
negatively stained specimen for EM. Fig. 1C shows a charac-
teristic region of an electron micrograph of anti HA antibody
labeled yeast V-ATPase. The typical two-domain structure is
clearly visible. Data sets of approximately 7000 labeled and
20000 unlabeled V-ATPase complexes were selected form elec-
tron micrographs recorded with a 2048 · 2048 pixel CCD cam-
era. The data sets were treated by alignment and classiﬁcation
procedures until stable averages were obtained for both prep-
arations. Fig. 2A–E summarizes the results. Fig. 2A shows an
average of unlabeled yeast V-ATPase complex seen perpendic-
ular to the long axis of the complex. The orientation of the
complex is such that the ATPase domain is in the top- and
the membrane domain in the bottom portion of the image.
The image of the yeast V-ATPase shown in Fig. 2A is very sim-
ilar to projections of the mammalian- [25], plant- [26,27] or
fungal- [28] vacuolar ATPase. The white arrow points to the
strong stalk density seen in averages of the enzymes from all
the species analyzed so far. This density is connected to the
top of the V1 domain by one of the peripheral stalks (see white
arrow heads in Fig. 2A). Fig. 2B shows averages of anti HA
mAb decorated yeast V-ATPase molecules having a similar
orientation as the unlabeled molecules averaged in Fig. 2A.
The most signiﬁcant diﬀerence between the images is the pres-
ence of additional protein density in the averages of labeled
V-ATPase, right next to the strong density visible at the
periphery of the stalk region (see arrows in Fig. 2B, images
1–3). This additional density can only be due to the bound
antibody, suggesting that the strong stalk density next to the
additional density due to the antibody is part of Vma5p
Fig. 1. Gel electrophoresis and EM of unlabeled and antibody labeled
V-ATPase. V-ATPase with a HA tag fused to the N-terminus of
Vma5p (subunit C) was puriﬁed and concentrated to 200 ll. The
preparation was split in two and one half was incubated with a 1:6
molar excess of anti HA mAb before subjecting to a 15–50% glycerol
gradient in absence of DTT. V-ATPase containing fractions were
pooled and concentrated. (A) SDS–PAGE of concentrated gradient
fractions. Left gel, V-ATPase (Vma5p-HA). Right gel, V-ATPase
(Vma5p-HA) which was mixed with anti HA mAb before density
gradient centrifugation. For gel electrophoresis, protein samples were
mixed with SDS loading buﬀer in presence of 1 mM DTT and
electrophoresed right away to prevent cleavage of the IgG into heavy-
and light chain. Protein was stained with Coomassie blue R-250. (B)
Western analysis of the anti HA antibody labeled V-ATPase. V-
ATPase (Vma5p-HA) decorated with anti HA antibody was separated
by SDS–PAGE and blotted onto PVDF membrane. The membrane
was probed with anti HA mAb followed by an alkaline phosphatase
linked goat anti mouse secondary antibody. Lane 1, peak fraction
containing V-ATPase; lane 2, fraction from the top of the gradient
containing only excess antibody. (C) V-ATPase labeled with anti HA
mAb was diluted to 50 lg/ml, spread on continuous carbon ﬁlm and
stained with 1% uranyl acetate. Images were recorded at an electron
optical magniﬁcation of 30000 in a FEI Tecnai 12 transmission
electron microscope operating at 100 kV. Scale bar is 25 nm.
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contains only nine amino acid residues compared to subunit C,
which is composed of more than 390 residues. However, de-
spite the small size of the aﬃnity tag, it cannot be expected that
the tag is in a deﬁned conformation with respect to the rest of
subunit C. That means that the density from the anti HA anti-
body is only strong near the aﬃnity tag at the N-terminus of
subunit C because due to the ﬂexibility of the tag, the antibod-
ies will position more or less randomly with respect to the V-
ATPase molecule when the complex is absorbed to the carbon
ﬁlm used for EM. This explains why only the Fab involved in
peptide binding produces a clear density while the second
Fab and the Fc portions, which are further away from the
HA epitope, produce little or no density in the averages. The
averages of antibody labeled V-ATPase shown in Fig. 2B,
images 1 and 2, were computed from each about 600 individual
molecular images, thus representing about 10% of the data set
each. Image 3 in Fig. 2B was obtained by subjecting all the
images which resulted in averages such as the ones shown in
images 1 and 2 (25% of all the images) to a another round
of MSA/classiﬁcation. Image 3 of Fig. 2B, which was calcu-
lated form 200 individual images, shows the additional mass
due to the antibody more clearly. Here, the typical two-domain
structure of the Fab is clearly resolved whereas the rest of the
IgG is more or less disordered much like in images 1 and 2
of Fig. 2B. Overall, about 50% of the antibody labeled mole-
cules fell into classes which when averaged produced similar
projections as the one shown in images 1 and 2 of Fig. 2B.
Of the remaining 50% of the images, about 20% were orientedas the molecules averaged in Fig. 2A and B but did not show a
clear additional mass next to the strong stalk density. The
other 30% of the images were in a slightly diﬀerent orientation
and showed the additional density due to the antibody only
weakly (data not shown). In none of the averages was signiﬁ-
cant extra mass seen near any other portion of the V-ATPase
complex.
According to the recently reported crystal structure of sub-
unit C, Vma5p is folded into a foot domain containing the
N- and C-termini of the polypeptide and a head domain con-
taining the middle portion of the subunit [19]. The head do-
main is connected to the foot domain by an extended two a
helix coiled coil domain. The N-terminus of subunit C, to
which the nine residue HA tag was fused [21], was not resolved
in the crystal structure [19], again pointing to the ﬂexibility of
this region in the polypeptide. Fig. 2C shows the crystal struc-
ture of subunit C in ribbon representation (image 1) and ﬁl-
tered to a resolution as seen in the electron microscope
(image 2). Comparing the appearance of the stalk density of
the V-ATPase labeled by the anti HA antibody with the ﬁl-
tered projection of Vma5p indicates that subunit C is bound
to the stalk region of the V-ATPase in such a way that the long
axis of the polypeptide is oriented parallel to the membrane.
The proposed orientation of subunit C is not only supported
by the antibody labeling, which places the N-terminus of the
subunit close to the membrane surface, but also consistent with
the three dimensional (3-D) structural models of the V-ATPase
reported so far [16,26,28]. In the 3-D models, a collar shaped
electron density can be seen surrounding the central stalk
and in the orientation indicated in Fig. 2D, subunit C would
be positioned to account for part of the collar like structure.
Recently, it was shown by photochemical cross-linking from
cysteines introduced into Vma5p by site directed mutagenesis
that both the foot- and head domains of subunit C are in close
proximity to subunit E [21]. This result could mean that sub-
unit C is oriented parallel to subunit E in which case subunit
E would have to be rather elongated as the distance between
the head- and foot domain of subunit C is about 100 A˚. An-
other explanation might be that there are at least two copies
of subunit E in the V-ATPase complex, and that the foot do-
main of subunit C is close to one copy of subunit E while the
head domain is close to another. While a stoichiometry of one
subunit E per complex has been measured for the bovine V-
ATPase [29], two and even three copies of subunit E have been
proposed [2,30]. Support for a stoichiometry of more than one
copy of subunit E comes from a recent study in which a 1:1:1
complex of subunits C, E and G was characterized [31]. SDS–
PAGE of this complex showed a weaker Coomassie staining
for subunit E compared to the staining of subunit C whereas
in the intact V-ATPase, Coomassie staining of the subunit E
band is almost twice as strong as the staining of subunit C
(see Fig. 1).
Subunit E has been shown to interact strongly with sub-
unit G and based on photochemical cross-linking, both sub-
unit E and G bind to the outside surface of subunit B where
they function as peripheral stalk [7]. Fig. 2D shows ﬁtting of
subunit C in the stalk region of the yeast V-ATPase. In the
orientation shown in Fig. 2D, subunit C could bridge two of
the subunit E containing peripheral stalks and connect them
to the cytoplasmic domain of subunit a, consistent with the
photochemical cross-linking results [21]. A bridging function
of subunit C could explain the fact that subunit C is re-
Fig. 2. Image analysis of the yeast V-ATPase (HA-C) labeled with anti-HA mAb. (A) Average of 290 images of yeast V-ATPase containing a HA tag
fused to the N-terminus of subunit C (Vma5p-N-HA). (B1–3) Averages of yeast V-ATPase (Vma5p-N-HA) decorated with anti HA mAb. The
labeled enzyme is shown in similar orientations as the unlabeled complex shown in (A). (C) Crystal structure of subunit C (1U7L.pdb) in ribbon
diagram (C1) and surface representation ﬁltered to a resolution of 20 A˚ (C2). (D) The average shown in (A) was enlarged and the surface
representation of the crystal structure of yeast subunit C is superimposed to match the observed density in the yeast V-ATPase projection. (E)
Schematic working model of the subunit arrangement in the yeast V-ATPase.
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C has poor aﬃnity for either V1 or V0 after in vivo dissoci-
ation of the complex. A diﬀerent orientation of subunit C
has been proposed based on a 3-D reconstruction of the
Neurospora crassa V-ATPase [28]. Here, subunit C was ﬁtted
in a more vertical orientation as to form one of the periph-
eral stalks, independent of subunits E or G. However, the
proposed orientation of the Neurospora subunit C was not
entirely supported by electron density in the 3-D model of
the enzyme.
We have recently mapped the binding position of subunit
H in a 3-D model of the bovine V-ATPase [16]. Mammalian
V-ATPases contain two isoforms of subunit H [32] as a result
of alternative gene splicing and it is the lighter of the two iso-
forms that was mapped in the bovine enzyme and which is
most likely the homologue to the yeast subunit H. A compar-
ison of projections of the bovine enzyme (e.g., Fig. 3D, image
3 in Ref. [16]) with projections of the yeast enzyme indicates
that subunit C binds in the peripheral stalk region on the
opposite side of where the lighter of the subunit H isoforms
was mapped in the bovine V-ATPase (see black arrow in
Fig. 2D). The distant arrangement of subunits H and C isconsistent with the fact that no physical interaction between
the two polypeptides has been reported as of now. While
the here reported projection images of antibody labeled yeast
V-ATPase demonstrate, for the ﬁrst time, the binding posi-
tion of subunit C in the peripheral stalk region of the en-
zyme, only a reliable 3-D model of the complex, in
combination with biochemical data such as chemical cross-
linking and subunit interaction studies, will allow us to re-
solve the detailed arrangement of all the stalk proteins that
are responsible for the physical and functional interaction be-
tween the ATPase and proton channel domains. This work is
ongoing in our laboratories.
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